Even though peripheral circadian oscillators in the cardiovascular system are known to exist, the daily rhythms of the cardiovascular system are mainly attributed to autonomic or hormonal inputs under the control of the central oscillator, the suprachiasmatic nucleus (SCN). In order to examine the role of peripheral oscillators in the cardiovascular system, we used a transgenic mouse where the Clock gene is specifically disrupted in cardiomyocytes. In this cardiomyocyte-specific CLOCK mutant (CCM) mouse model, the circadian input from the SCN remains intact. Both CCM and wild-type (WT) littermates displayed circadian rhythms in wheel-running behavior. However, the overall wheelrunning activities were significantly lower in CCM mice compared to WT over the course of 5 weeks, indicating that CCM mice either have lower baseline physical activities or they have lower physical adaptation abilities because daily wheel running, like routine exercise, induces physical adaptation over a period of time. Upon further biochemical analysis, it was revealed that the diurnal oscillations of phosphorylation states of several kinases and protein expression of the L-type voltage-gated calcium channel (L-VGCC) α1D subunit found in WT hearts were abolished in CCM hearts, indicating that in mammalian hearts, the daily oscillations of the activities of these kinases and L-VGCCs were downstream elements of the cardiac core oscillators. However, the phosphorylation of p38 MAPK exhibited robust diurnal rhythms in both WT and CCM hearts, indicating that cardiac p38 could be under the influence of the central clock through neurohormonal signals or be part of the circadian input pathway in cardiomyocytes. Taken together, these results indicate that the cardiac core oscillators have an impact in regulating circadian rhythmicities and cardiac function.
The cardiovascular system is known to be under circadian control, and traditionally, its daily rhythms are attributed to autonomic or hormonal inputs governed by the SCN (Yamashita et al., 2003) . Nonetheless, circadian changes in the heart from gene expression to metabolism to contractile function are intrinsic and independent of autonomic inputs Durgan et al., 2005; Durgan et al., 2006; Young and Bray, 2007) . We previously showed that at the cellular level, the L-type voltage-gated calcium channels (L-VGCCs) and phosphorylation states of several signaling molecules, such as extracellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT), are under circadian control in chick cardiomyocytes (Ko et al., 2010) . However, we obtained heart tissue and cardiomyocytes from entrained whole chicken embryos, making it difficult to dissect the significance of peripheral cardiac oscillators on daily rhythms independent of the master clock. Therefore, we set forth to examine the circadian profiles of cardiomyocytespecific CLOCK mutant (CCM) mice. In these mice, a dominant-negative mutation of the oscillator gene Clock (truncated at the corresponding sequence to the first 541 amino acids) is restricted to cardiomyocytes. This particular animal model offers an exceptional opportunity to isolate circadian input components (from the SCN to the heart through neural/hormonal factors) from the intrinsic oscillators in the heart. The CCM mice allowed us to ascertain local circadian oscillator impact on normal and pathological states of the heart, without affecting the SCN clock and other peripheral oscillators Durgan et al., 2005; . As such, CCM mice provide advantages that whole animal Clock mutant/ knockout mice cannot (Vitaterna et al., 2006) .
In addition, using CCM mice is in contrast to the study using a transgenic model with brain tissuespecific disruption of the circadian oscillator (Hong et al., 2007) . In the transgenic mice with brain tissuespecific disruption of Clock, the master clock in the SCN is conditionally altered, and the circadian period of the whole animal is changed (Hong et al., 2007) . Because the cardiovascular system is under the control of the autonomic nervous system, in which its circadian rhythm is driven by the SCN, it is possible that the peripheral oscillators in the cardiovascular system are also affected in the transgenic mice with brain tissuespecific disruption of Clock. In CCM mice, the circadian circuitry of the body remains intact. The retina is able to transmit light information to the SCN and thereby entrain the SCN. The SCN, in turn, is able to send autonomic or hormonal signals throughout the body including the heart. Therefore, for CCM mice housed under normal light-dark (LD) conditions, elements in the circadian input pathway prior to the core oscillator genes in cardiomyocytes should remain rhythmic. CCM mice display normal daily oscillations as their wild-type (WT) littermates in continuously radiotelemetric-monitored physical activities (such as grooming, sleeping, eating, and moving inside the cage), systolic and diastolic blood pressures, and mean arterial pressure (Bray and Young, 2008) . This evidence demonstrates that the circadian input from the SCN to the heart through autonomic means remains intact in CCM mice. However, as a result of the Clock mutation in cardiomyocytes, circadian rhythms for elements downstream of the cardiac core oscillators would be either dampened or no longer rhythmic . Genes encoding enzymes that are responsible for fatty acid metabolism no longer oscillate, and insulin-mediated AKT phosphorylation is decreased in the hearts of CCM mice . While the daily oscillation of heart rates in CCM mice is similar to that of the WT mice, CCM mice display bradycardia throughout the entire day .
Even though there is no apparent pathological problem in CCM mice, as shown in the ultrastructure of CCM cardiomyocytes , certain changes in the cardiac circadian profiles of CCM mice might have further downstream effects. While wheelrunning activity can be used as an indicator of circadian-governed locomotor activity, it also requires higher physical strength and adaptation in contrast to general locomotor activities such as grooming, food intake, or walking. In the present study, we investigated the circadian-driven wheel-running activities of CCM mice and their WT littermates over a 5-week period. We further analyzed the differences in the phosphorylation profiles of several signaling molecules including p42/44 ERK (pERK), p38 MAPK (stressactivated protein kinase), AKT at thr308 (pAKT thr308 ), and glycogen synthase kinase-3β (pGSK), as well as the protein expression of the L-type voltage-gated calcium channel α1D subunit (L-VGCCα1D) between CCM and WT mice. Our overall results demonstrated that the circadian core oscillator genes in cardiomyocytes play important roles in regulating normal physiological function of the heart, and CCM mice allow us to differentiate between circadian input and output pathways.
MATERIALS AND METHODS
Both WT and CCM male mice (FVB background) were originally generated at the Children's Nutrition Research Facility, Children's Nutrition Research Center, Baylor College of Medicine (Houston, TX). All animal experiments were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine. All mice were housed under temperatureand humidity-controlled conditions with 12:12-hour LD cycles strictly enforced and fed standard laboratory chow and water ad libitum. Some mice were transferred to Texas A&M University for wheel-running locomotor activity assessment and other experiments.
Wheel-Running Locomotor Activity
All mice between 20 to 28 weeks old were housed individually in cages equipped with running wheels in the animal facility at the Texas A&M University Health Science Center. The procedure used for the wheel-running activity study was approved by the University Laboratory Animal Care Committee at Texas A&M University. All mice were fed standard laboratory chow and water ad libitum. Mice were entrained to 12:12 LD cycles for 5 weeks and then kept in constant darkness (DD; to allow for free-running circadian rhythms) for another 3 weeks. Wheelrunning activities were continuously recorded and stored in 10-minute bins, and data were collected and analyzed using ClockLab software (ActiMetrics, Evanston, IL) (Allen et al., 2005) . The phase angle of entrainment (Ψ) was assessed under LD conditions. During entrainment, the onset of activity for a given cycle was identified as the first bin during which an animal attained 10% of peak running-wheel revolutions. To measure Ψ, least-squares analysis was used to establish a regression line through the daily onsets of activity during the period of LD entrainment, and then the number of minutes before (positive) or after (negative) the time of lights-off in the LD cycles was determined for each animal. For each animal, the steady-state circadian period (t) of the activity rhythm in DD was determined by χ 2 periodogram and fast Fourier transform. The total activity count was calculated by averaging the number of wheel revolutions per 24 hours over the 5-week interval of analysis. An activity bout was defined as a period during which wheel-running activity never dropped below 10 counts/bin for more than 20 minutes. These criteria for bout threshold and maximum intrabout interval were used to determine the number of activity bouts per day as well as bout duration (length) and size (average counts per bout). Comparisons between CCM and WT mice were made using the Student t test. Throughout, p < 0.05 was regarded as significant.
Preparation of Mouse Heart Samples
Mouse heart samples were collected at both Baylor College of Medicine as well as Texas A&M University. Heart ventricles were isolated from 22-week-old animals at ZT 0, 6, 12, and 18. Heart tissues were subsequently freeze powdered and stored at -80 °C. Ventricular RNA was isolated from powdered ventricular tissue using a standard method (Chomczynski and Sacchi, 1987) with Total RNA Isolation Reagent (Molecular Research Center Inc., Cincinnati, OH) and used for quantitative real-time reverse transcription polymerase chain reaction (Q-PCR) assays. Ventricular protein was isolated from powdered ventricular tissue using a standard method with slight modifications (Gibala et al., 2000) . Briefly, protein extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 2 mM NaF, 2 mM NaPPi, 1% Nonidet P40, 1% glycerol, 5% SDS, 10 mM Na 3 VO 4 , 1 mM PMSF, 6.4 μM benzamidine, 0.15 μM aprotinin, 1 μM leupeptin, and 0.73 μM pepstatin A) was added to frozen ventricular powder (25 mg tissue/ mL buffer) and immediately homogenized. The homogenates were subsequently centrifuged at 15,000g at 4 °C for 15 minutes, and the supernatants were transferred and stored at -80 °C prior to assay for protein concentration using the Bradford assay. All samples were diluted to 2 mg/mL and stored for immunoblot analysis.
Immunoblot Analysis
Samples were separated on 10% SDS-PAGE gels and transferred to nitrocellulose membranes as described previously (Ko et al., 2009a; Ko et al., 2007; Ko et al., 2010) . The primary antibodies used in this study were anti-VGCCα1C (Alomone, Jerusalem, Israel), anti-VGCCα1D (Alomone), anti-phospho308 AKT (pAKT thr308 , Cell Signaling Technology, Danvers, MA), anti-phosphoGSK-3β at ser9 (pGSK, Cell Signaling Technology), anti-phospho stress-activated protein kinase p38 (p38, Cell Signaling Technology), a monoclonal antibody specific for diphospho extracellular signal-related kinase (pERK, Sigma, St. Louis, MO), and a polyclonal antibody insensitive to the phosphorylation state of ERK (total ERK, used for internal and loading control) (Santa Cruz Biochemicals, Santa Cruz, CA). Blots were visualized using appropriate secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology) and an ECL detection system (Pierce, Rockford, IL). Relative protein expressions for all proteins involved in this study are reported as a ratio to total ERK because total ERK remains constant throughout the day. The ratio of pERK to total ERK, p38 to total ERK, pAKT to total ERK, pGSK to total ERK, and VGCC to total ERK was determined by densitometry using Scion Image (NIH, Bethesda, MD). For each set of experiments, either the first time point or lowest ratio value of the WT was arbitrarily set to 1. All measurements were repeated at least 3 times.
Quantitative Real-Time RT-PCR
The method used for Q-PCR analysis was described previously Ko et al., 2010) . Mouse ventricles collected at 4 different time points for Q-PCR were described above. There was 300 ng of total RNA used to quantify the mRNAs of VGCCα1C, VGCCα1D, Bmal1, and β-actin (loading control) by Q-PCR using the Taqman one-step RT-PCR kit and an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA). The forward and reverse primers for Bmal1 were 5′CCAACCCATACACAGAAGCAAAC3′ and 5′CTCGGTCACATCCTACGACAAA3′. The forward and reverse primers for Cacna1c (the VGCCα1C subunit) were 5′GGTGAAGCTGCTGAGCCG3′ and 5′CAAAAGAGCCACATAGGGCAGA3′; the Cacna1c probe sequence was 5′FAM-TGGAAGGACTTGATG AAGGTC-QFR3′. The forward and reverse primers for Cacna1d (the VGCCα1D subunit) were 5′GATGGG AATGGCCATGGG3′ and 5′GCTTTAGCCTTCT CTCTTTCCTTGG3′; the Cacna1d probe sequence was 5′FAM-ATCATCCTTGGCTCATTTTTC-QFR3′. All measurements were repeated at least 3 times. For each individual experiment, a standard curve was generated with known quantities of β-actin mRNA loaded in curved quantities (e.g., 0.5, 1, 2, 4, 8, 16x) . The cycle values corresponding to the log values of the curved quantities were used to generate a linear regression formula. The cycle values from the sample RNAs were fit into the formula, and the mRNA quantities of the samples were obtained. The mRNA values of VGCCα1C, VGCCα1D, and Bmal1 were then divided by the value of β-actin mRNA (loading control), and for each set of experiments, the final mRNA value at the trough was arbitrarily set at 1.
All data are presented as mean ± SEM (standard error of the mean). One-way ANOVA followed by the Tukey post hoc test for unbalanced n was used for statistical analyses of biochemical and molecular biological assays. Throughout, p < 0.05 was regarded as significant. Any defined rhythmic expression at mRNA, protein, or phosphorylation levels had to exhibit at least a 1.5-fold change in rhythmic amplitudes (Karaganis et al., 2008) .
RESULTS

Disruption of Cardiac Clock Did Not Affect the Circadian Rhythm of Wheel-Running Behavior but Hampered Physical Endurance
Wheel running is a circadian event in mice. It demands higher cardiac workload than routine activities such as grooming, foraging, and walking. Because there is no difference in the circadian rhythms of regular physical activities detected by radiotelemetric infrared beam counts between CCM mice and their WT littermates , we set forth to examine whether interruption of Clock in the heart would have any impact on circadian wheel-running behavior rhythms in CCM mice. WT ( Fig. 1A ) and CCM mice ( Fig. 1B ) double-plotted actograms in LD (A1, B1) and DD (A2, B2) show no statistical difference in phase angle of entrainment (Ψ; WT = 2.06 ± 0.89 hours, CCM = 1.67 ± 0.88 hours) or steady-state circadian period (t; WT = 23.52 ± 0.06 hours, CCM = 23.96 ± 0.28 hours; WT: n = 21, CCM: n = 17). However, there was a difference in the quantitative parameters of wheel-running behavior. The WT mice had significantly higher numbers of total wheel revolutions per day (total activity counts) (Fig.  1C) . Upon further analysis, we found that even though there was no difference in the total bouts per day between WT and CCM mice (Fig. 1D) , CCM mice had shorter bout durations (34% less) (Fig. 1E) . The average counts of wheel revolutions per bout were also significantly lower in CCM mice, in which there was a 44% decrease compared to the WT (Fig. 1F ). In addition, the overall daily average of activity counts in CCM mice is 30% less than the WT (Fig. 1C) . These results show that cardiomyocyte-specific Clock disruption did not alter circadian entrainment or freerunning period in CCM mice but affected cardiac-related exercise capabilities, as presumably r e f l e c t e d b y t h e aforementioned reductions in total activity and other quantitative parameters of wheel-running behavior. The CCM mice used in this s t u d y ( F V B g e n e t i c background) Taketo et al., 1991) took longer (~7-10 days) to entrain to wheel-running activities in LD (as shown in the initial days of the actograms) compared to other mouse strains such as C57BL/6J. This delay could be due to other reasons such as recognition of the wheel at the visual or cognitive level but not strictly to circadian entrainment.
The Phosphorylation States of Several Signaling Molecules Were under Cardiac Circadian Control
Because CCM mice had significantly lower wheelrunning activities than the WT in the quantitative analysis, we next examined whether the circadian rhythms of the phosphorylation states of several signaling molecules important in many cardiac physiological conditions and function, including ERK, p38, AKT, and GSK-3β, were altered in CCM mouse hearts. Both ERK and p38 have been implicated in r e g u l a t i n g c a r d i a c contractility and the development of various pathological states such as cardiac hypertrophy and heart failure because they control cell growth and proliferation (Olson and Molkentin, 1999; Sugden, 1999; Szokodi et al., 2008) . Also, in human failing hearts, the activity of GSK-3β is greatly inhibited (Haq et al., 2001) . The phosphorylation states of ERK (diphosphorylated; p E R K ) a n d p 3 8 (phosphorylated p38; p38) displayed diurnal rhythms in WT ventricles ( Fig. 2A  and 2B ). While pERK peaked at ZT 0 ( Fig. 2A) , p38 peaked at ZT 12 ( Fig.  2B ). Interestingly, in CCM mice, pERK was no longer rhythmic ( Fig. 2A) , while p38 remained rhythmic (Fig. 2B) . In WT mice, phosphorylation of AKT at thr308 (pAKT thr308 ) peaked at ZT 6 ( Fig. 2C) , while the phosphorylation of its downstream target GSK-3β (pGSK) peaked at ZT 12 to 18 (~6-hour lag behind pAKT thr308 ) (Fig. 2D) . In CCM mouse ventricles, both pAKT thr308 (Fig. 2C) and pGSK (Fig. 2D) were no longer rhythmic. Hence, the phosphorylation states of ERK, AKT thr308 , and GSK were under cardiac Clock gene control in the ventricles, while the p38 rhythm was driven by other circadian inputs, possibly from the SCN, to the heart.
Disruption of Clock in the Heart Dampened the Daily Oscillations of Ventricular Bmal1 and Abolishes Those for VGCCα1D
While heart rates of CCM and WT mice have similar circadian oscillation patterns, overall heart rates of CCM mice are slower than the WT throughout the entire day . The L-type voltage-gated calcium channel (L-VGCC) consists of a pore-forming α 1 subunit and regulatory β and α2δ subunits 3) . *Phosphorylated p38 at ZT 12 was significantly higher than ZT 0, 6, and 18 in WT mice. #Phosphorylated p38 at ZT 12 was significantly higher than ZT 6 in CCM mice. (C) The phosphorylation of AKT at thr308 (pAKT thr308 ) peaked at ZT 6 in WT mice (n = 3), while the diurnal rhythm of pAKT thr308 was dampened in CCM mouse (n = 3) hearts. (D) In WT mouse hearts (n = 4), the phosphorylation of GSK3β (pGSK) was significantly higher at ZT 18 compared to ZT 0 and 6, while there was no diurnal rhythm of pGSK in CCM mice (n = 3). (Takahashi et al., 1987; Wang et al., 2004) . Among major L-VGCCα1 subunits, VGCCα1C (CaV1.2) and α1D (CaV1.3) are the most prevalent in the heart and play important roles in cardiac physiology. In both humans and mice, the α1D subunit is expressed in both ventricles and atria but at lower quantities compared to the α1C subunit (Gaborit et al., 2007; Zhang et al., 2005) . Previously, we showed that in chick embryonic hearts, the mRNA and protein levels of both VGCCα1C and α1D are under circadian control (Ko et al., 2010) . However, in rats, there is no diurnal rhythm of V G C C α 1 C p r o t e i n expression, even though the L-VGCC current density recorded from ventricular cardiomyocytes is rhythmic (Collins and Rodrigo, 2010) . Hence, we set forth to i n v e s t i g a t e w h e t h e r VGCCα1 subunits were rhythmic in mouse hearts. The mRNA levels and protein expression of V G C C α 1 C r e m a i n e d constant throughout the day in both WT and CCM mouse ventricles (Fig. 3A  and 3B ), while the mRNA l e v e l s a n d p r o t e i n expression of VGCCα1D displayed daily rhythms in WT mice ( Fig. 3C and 3D) . The protein expression of VGCCα1D peaked at ZT 6, with an approximately 6-hour delay from the peak mRNA level in WT mice (Fig. 3D ). The daily rhythms in VGCCα1D mRNA and p r o t e i n l e v e l s w e r e abolished in CCM mice ( Fig.  3C and 3D ). In addition, Bmal1 mRNA remained rhythmic in CCM mice but at a lower oscillation amplitude compared to the WT (Fig. 3E) . The diurnal patterns of Bmal1 in both WT and CCM mice matched those previously published (see Suppl. Fig. S5 of ). Therefore, interruption of the cardiac c i r c a d i a n o s c i l l a t o r abolished the diurnal rhythms of L-VGCCα1D.
DISCUSSION
There are intrinsic circadian changes in cardiac metabolism Young et al., 2001) , contractile function (Young et al., 2001), and expression of circadian clock genes (Storch et al., 2002; Young, 2003; Young et al., 2001 ) that are independent of autonomic inputs. Cardiomyocyte responses to starvation or fatty acid overload are also under the control of intrinsic circadian oscillators (Durgan et al., 2006; Stavinoha et al., 2004; Young et al., 2001) . Disruption of cardiac circadian oscillators alters cardiac response to insults Virag et al., 2010) . Therefore, the intrinsic clocks in cardiomyocytes play critical roles in preparing the heart to anticipate daily workload and synchronizing cardiac metabolism and responses to the environment (Durgan et al., 2005; Young, 2006) . There is no difference between WT and CCM mice in quantitative measurements of daily rhythms in routine activities (such as foraging, grooming, sleeping, and walking) using radiotelemetric infrared beam detection , and the diurnal rhythms of wheel-running activities were also similar between CCM and WT mice (Fig. 1A) . These observations demonstrate that the light information from the retina to the SCN and the subsequent circadian entrainment input from the SCN are intact in CCM mice. However, we observed that CCM mice displayed less overall quantitative physical activity. The mice used in the behavior study were 20 to 28 weeks old, with no difference in body weight between WT and CCM mice (data not shown). Thus, neither age nor obesity was a contributing factor to the decrease in physical activity in CCM mice. One possible explanation is that the Clock disruption in cardiomyocytes changes the metabolic and physical state of the heart, in which the circadian oscillations of certain molecules (mRNA and protein levels, as well as phosphorylation states of certain proteins) are suspended at the resting state (around ZT 0) Tsai et al., 2010) . Daily wheel running resembles regular physical exercise training for a few hours every day, which is more strenuous than ordinary routine physical activities. Therefore, wheel running requires higher physical activity and cardiac workload. If the cardiac condition of CCM mice is suspended at the resting state, it is possible that their baseline physical activity is lower, which leads to lower wheel-running activities. Regular daily exercise also causes physical adaptation in cardiac output and capacity (Duncker and Bache, 2008; Kemi et al., 2008) . An alternative explanation is that overall physical adaptation to wheel-running activities in CCM mice is lower than WT mice because our quantitative wheel-running measurements were the results across 5 weeks. Therefore, interruption of the cardiomyocyte-specific oscillator subsequently led to less baseline activity or adaptation to physical exercise as demonstrated by wheel-running activities. This observation also reveals the importance of peripheral oscillators to overall health: even though animals were maintained under LD conditions, the absence of functional circadian oscillators in the heart may have compromised physical activities. In the long term, there could be more detrimental effects and potentially premature aging in these animals compared to their WT littermates, which would be very interesting and worth investigation.
Both ERK and PI3K-AKT signaling pathways are important in physiological and pathological states of cardiomyocytes, and in most cases, these pathways regulate cardiac function independently. However, one potential converging point is through phosphorylation of GSK3 because activation of ERK by endothelin and activation of PI3K-AKT through insulin can both lead to phosphorylation of GSK3 (Gonzalez et al., 2007) . Therefore, the phosphorylation state of GSK3 could potentially be affected by either PI3K-AKT or ERK or both. These 2 pathways also play important roles in regulating circadian rhythms in various species and organs. p42/44 ERK, a kinase in the MAPK-Erk family, is particularly involved in the circadian entrainment of the mammalian SCN (Butcher et al., 2002; Obrietan et al., 1998) but serves in the circadian output in the avian retina and pineal gland (Ko et al., 2001; Ko et al., 2009b; Yadav et al., 2003) . Another MAP kinase, p38, participates in lightdependent phase shifting in Xenopus retinal photoreceptors (Hasegawa and Cahill, 2004) and circadian inputs in mammalian cell lines (Moldrup et al., 2010; Petrzilka et al., 2009; Qu et al., 2008) but serves as a circadian output in Neurospora (Vitalini et al., 2007) . Although changing AKT activity alters circadian periods in Drosophila (Zheng and Sehgal, 2010) , the PI3K-AKT pathway is part of the circadian output to regulate Ca 2+ channel activities in avian retinal photoreceptors (Ko et al., 2009a) . Furthermore, GSK3β, a downstream target of PI3K-AKT, is known to regulate the circadian period in mammalian clocks through interactions with core oscillator genes (Hirota et al., 2008; Iitaka et al., 2005; Sahar et al., 2010) . For example, mammalian GSK-3β is known to regulate the molecular clock by phosphorylating CRY2 (Kurabayashi et al., 2006) , PER2 (Iitaka et al., 2005) , and BMAL1 (Sahar et al., 2010) . Thus, alterations in GSK-3β phosphorylation or expression cause changes in circadian phases (Iitaka et al., 2005) .
Because the studies of these signaling pathways in circadian inputs/outputs were done in different organs or species, we took advantage of using CCM mice as a tool to access the roles of PI3K-AKT and ERK as circadian input/output pathways. We found that the phosphorylation states of pERK, p38, pAKT thr308 , and pGSK were rhythmic in WT mice kept in LD cycles, while they seemed to be suspended at resting period levels in CCM mice kept in LD. The "suspension" of the daily oscillation of these kinase activities correlates to the lower wheel-running activities in CCM mice. Thus, it is possible that the cardiac-specific Clock disruption somehow "suspends" physical activity at the resting period level. This theory will require further investigation. Interestingly, the diurnal rhythm of phosphorylated p38 was unchanged in CCM mouse hearts, which indicates that either p38 could be upstream of cardiac core oscillators and part of the circadian input pathway to the mouse heart or p38 is regulated by the daily oscillation of neurohormonal signals to the heart. The other kinases investigated in the present study (ERK, AKT, and GSK) were downstream of cardiac oscillators, and therefore, these kinases could be in the circadian output pathway in mouse cardiomyocytes. Further studies to dissect the elements of circadian input and output pathways in the heart will be needed.
Calcium that enters the cardiomyocyte via L-VGCCs triggers a more substantial Ca 2+ release from the sarcoplasmic reticulum (Altamirano and Bers, 2007) . This Ca 2+ -induced Ca 2+ release in cardiomyocytes underlies the control of cardiac contraction force during excitation-contraction (E-C) coupling (Altamirano and Bers, 2007; Kranias and Bers, 2007) . Therefore, L-VGCCs affect E-C coupling, contractile force, and cardiac output in adult animals (Fauconnier et al., 2003; Kubalova, 2003) . Previously, Collins and Rodrigo (2010) found that there are diurnal variations in all parameters of E-C coupling as well as L-VGCC currents recorded from rat ventricular cardiomyocytes. However, it is perplexing as to why the L-VGCC current density is higher during the active period, while other E-C coupling parameters including diastolic Ca 2+ , basal systolic Ca 2+ , contraction strength, and cell shortening are higher during the resting period. In chicken embryonic hearts, mRNA and protein levels of L-VGCCs (both α1C and α1D) as well as L-VGCC currents are under circadian control, which are higher at night (Ko et al., 2010) . Here, we showed that the protein level of L-VGCCα1D, but not α1C, was high during the day (resting period) in WT mice, while in CCM mice, the VGCCα1D protein level remained at a lower constant level throughout the day. We postulate that there could be a species-dependent regulation of the circadian rhythm of L-VGCCα1 subunits and their potential physiological roles, which will require future studies. Taken together, using CCM mice as an animal model, we were able to dissect the circadian light-sensitive input and output pathways in cardiomyocytes. More importantly, we demonstrated that without functional peripheral oscillators, the organism's health could be under great distress.
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